INTRODUCTION
The intertidal zone is one of the most stressful environments on the planet. When the tide recedes, intertidal organisms must cope with rapid and dramatic changes in conditions such as temperature, food supply, predation pressure, humidity, and salinity (e.g. Davenport et al. 1980 , Ellis et al. 2007 , Hunt & Denny 2008 , Szathmary et al. 2009 , Iacarella & Helmuth 2012 . Moving along the range from the subtidal up through the intertidal zone the intensity of these factors in creases, and pressures selecting for traits that confer the ability to live through such changes markedly increase. It is not surprising that this gradient of physical and biological stressors at least partially controls the distribution of species in the intertidal zone, and is thought to play an important role in the evolution and ecology of many marine intertidal ABSTRACT: The ability to withstand high summer temperatures is an extremely important determinant of species distributions in the intertidal zone; most marine organisms cannot live intertidally because of the harsh conditions experienced during aerial emersion. The members of some species, though, live both intertidally and subtidally, and their physiological tolerance to stressors may differ depending on their genetic connectivity, acclimatization, and differential post settlement mortality. Furthermore, tolerances of organisms at different life-history stages within both habitats may differ and will play an important role in determining adult distributions. To determine the effect of habitat and life-history stage on physiological tolerance and the likely contribution of upper thermal tolerance limits to the native distribution of an important invasive species, the slippershell snail Crepidula fornicata, we compared the thermal tolerance of intertidal and subtidal embryos and adults in relation to conditions that they experience in the field. We found C. fornicata living both intertidally and subtidally in Bissel Cove, Rhode Island, where they experienced drastically different thermal conditions. Intertidal individuals achieved body temperatures as high as 42°C, more than 15°C higher than those recorded in subtidal conspecifics. However, subtidal individuals had remarkably high thermal tolerances that were nearly identical to those of intertidal conspecifics (lethal range = 33−37°C following a 3 h exposure). Furthermore, embryos were even more tolerant to high thermal stress than adults. These results are surprising: the few previous studies that have compared thermal tolerances among individuals at different life-history stages have found differences among them, and early stages are generally more sensitive than adults. Interestingly, the markedly higher temperatures that intertidal animals experienced in this study had little effect on their thermal tolerance. Intertidal (but not subtidal) slippershell snails are now living dangerously close to their upper thermal limits and will almost certainly be relegated to the subtidal as global temperatures rise.
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species (Connell 1972 , Stillman & Somero 1996 , Denny & Wethey 2001 , Somero 2002 , Tomanek & Helmuth 2002 , Davenport & Davenport 2005 . Among all of the difficulties associated with living intertidally, temperature plays an extremely important role in determining species distributions (e.g. Somero 2002 , Stillman 2002 , Wethey 2002 . Thermal tolerances of closely related species within the intertidal zone often correlate with the magnitude of thermal stress that organisms of those species experience, due to their vertical position on the shoreline (Tomanek & Somero 1999 , Stillman & Somero 2000 , Stillman 2002 , Stenseng et al. 2005 . For example, Stillman & Somero (1996) have shown that porcelain crabs living high in the intertidal zone can maintain higher levels of aerial oxygen consumption, have little whole-body lactate accumulation, and have higher thermal tolerances when compared to low-intertidal congeners. Intertidal species require specialized adaptations such as high physiological tolerance to thermal stress, because although they are physiologically capable of living subtidally, they often do not live there due to intense predation and competition (e.g. Connell 1972 , Perez et al. 2009 , Bourdeau 2011 . Similarly, organisms that can compete subtidally are unlikely to be found in the intertidal zone because it is such a harsh environment.
Though most marine animals can be found either intertidally or subtidally, some species live both intertidally and subtidally (e.g. Dame 1972 , Fletcher 1984 , Saier 2002 , Schaffmeister et al. 2006 . Though researchers have investigated phenotypic differences among conspecifics living at different tidal heights within the intertidal zone, relatively few studies have investigated the adaptations of single-species populations that live both intertidally and subtidally. Due to differential mortality, acclimatization, or genetic differentiation, we might expect to see differences among intertidal and subtidal subpopulations, especially when observing physiological tolerances to stressors. In fact, in the few studies available, when intertidal and subtidal conspecifics have been compared, behavioral, physiological, and morphological differences among the 2 groups have commonly been found (e.g. Sharp et al. 1994 , Bingham et al. 1997 , Altieri 2006 , Weihe & Abele 2008 . However, though there is increasing evidence for local adaptation in marine invertebrates across a wide range of spatial scales (reviewed by Sanford & Kelly 2011) , phenotypic differences among many populations do not exist (e.g. Kuo & Sanford 2009 , Sanford & Worth 2010 due to extensive genetic mixing and high degrees of plasticity (reviewed in Sanford & Kelly 2011) .
Studies that assess the physiological tolerances of marine species and those that compare tolerances among conspecifics from different populations generally focus on a single life history stage. When multiple life history stages have been compared, differences in physiological tolerances to various stressors have often been found, with early life history stages often more vulnerable to stressors than adults (e.g. Crisp & Ritz 1967 , Gosselin & Chia 1995 , Qiu et al. 2002 , Freitas et al. 2010 . Since early life history stages (embryos, hatchlings, juveniles) are often found in the same habitat as adults, the ability of all life history stages to endure physiological stressors is important for an organisms' ability to survive in a particular habitat like the intertidal zone.
The gastropod Crepidula fornicata is one species with conspicuous intertidal and subtidal populations; in New England their populations extend from at least 5 m below low tide up into the low/mid intertidal zone (Lindsey et al. 2006 , C. M. Diederich pers. obs.). Though C. fornicata is widely studied and often collected both intertidally (e.g. Thieltges et al. 2003 , Diederich et al. 2011 ) and subtidally (e.g. Le Cam & Viard 2011 , Hoch & Cahill 2012 , the upper thermal tolerance of this species and the degree to which its members are adapted to live in either zone has not been reported. The effects of temperature on members of this species may be particularly important since individuals of C. fornicata are sessile as adultsand thus cannot rely on behavioral adaptations to avoid thermal stress -and brood developing embryos in the mantle cavity for several weeks (Conklin 1897) , exposing those embryos to the same temperature fluctuations experienced by the adults.
Investigating the thermal conditions that Crepidula fornicata experience and their tolerances to these conditions in various life-history stages allows us to explore the degree to which the environment shapes the phenotypic variation in a population. Furthermore, understanding the thermal physiology of intertidal and subtidal C. fornicata is important because this species is not only a key member of its native communities in the western Atlantic, but is also an important invasive species in many areas -most notably France and the UK (Blanchard 1997) . With global temperatures rising, learning how close these organisms are living to their thermal maximum and how much variation exists in upper thermal tolerance within the population is important for predicting future changes in distribution in response climate change.
In this study, we first aimed to document the subtidal-to-intertidal distribution of Crepidula fornicata in a Rhode Island population where it is extremely abundant. In order to learn just how different the conditions are that intertidal and subtidal animals face, we then estimated the temperatures of intertidal and subtidal animals using biomimetic temperature loggers during the summer months in that population. Finally, to determine the effect of environment on thermal tolerance and the role of temperature in controlling the upper distribution of this species, we investigated the tolerances of field-acclimatized embryos and adults as well as laboratoryreared C. fornicata juveniles to thermal stress.
MATERIALS AND METHODS

Population characteristics
All experiments were performed on individuals from a population in Bissel Cove near Wickford, Rhode Island, USA. Crepidula fornicata adults are very abundant in the tidal channel leading from the cove to Narragansett Bay, and in the associated intertidal and subtidal areas adjacent to the cove. Surveys of intertidal and subtidal subpopulations were performed in September 2011 by running horizontal transects at different tidal heights (+ 0.6 m, + 0.4 m, + 0.2 m and −1.0 m mean low lower water). Hereafter, any mention of tidal height or water level is made in reference to the mean low lower water (MLLW) mark. Five square plots (each 1 m 2 ) were placed along the transect every 2 m, and all C. fornicata in each plot were counted. Average emersion time was determined over the months of June, July and August 2010 and 2011 using verified water level data from a nearby National Data Buoy Center buoy (operated by the National Oceanic and Atmospheric Administration) located at Quonset Point, Rhode Island (Station QPTR1−8454049). During Hurricane Irene on 27 and 28 August 2011, the predicted water levels were used in computing average emersion times, as the actual water levels on those days were drastically different than those predicted.
Biomimetic temperature loggers
To determine the thermal environment that intertidal and subtidal Crepidula fornicata experience, we deployed biomimetic temperature logging devices (hereafter termed 'robosnails') intertidally and subtidally from June to August 2011. Similar devices have previously been successfully constructed and deployed in the field to record approximate tissue temperatures of other mollusks (e.g. Helmuth & Hofmann 2001 , Lima & Wethey 2009 , Seabra et al. 2011 , though this is the first time such a device has been used for C. fornicata. A Thermochron ® iButton ® (Part # DS1921G − Maxim Integrated Products) that was set to record temperature every 15 min was placed into an empty C. fornicata shell and the shell was subsequently filled with 3M Scotchcast™ 2130 Flame Retardant Compound, which hardens after mixing and has been shown to mimic tissue temperature very well (Lima & Wethey 2009 ). We further confirmed the usefulness of the Scotchcast™ compound as a suitable substance for accurate estimates of tissue temperatures by mimicking intertidal conditions in the laboratory and heating (Philips™ 90W heat lamp) adjacent robosnails and live animals in air (live animal vs. robosnail, r = 0.961). Due to the size of the loggers, only larger adult C. fornicata shells could be used for robosnails, but we found that tissue temperatures (sampled in the field) of animals within a stack of C. fornicata varied by only ~1.1°C (range 0.6− 2.0°C). The robosnail was attached to a small rock with a thin layer of the Scotchcast™ compound. Ro bosnails were deployed among living C. fornicata in the intertidal zone at + 0.4 m and subtidally at −1.0 m MLLW and were swapped out with new robosnails approximately every 15 d due to their finite recording capabilities. The intertidal zone in Bissel Cove is composed mainly of rocks and empty C. fornicata shells that do not provide shade or refuge from conditions during aerial exposure, and thus robosnails were placed in areas that experienced conditions that were identical to living C. fornicata. Temperature loggers were excised from used robosnails and temperature data was downloaded using OneWireViewer software (Maxim Integrated Products).
Thermal stress in adults
Adult Crepidula fornicata were collected at Bissel Cove, RI from intertidal (approximately + 0.4 m MLLW) and subtidal (−1.0 m MLLW) habitats in June and August 2010 and August 2011. This species is sedentary, and forms stacks of several members (usually 2−10) presumably to ensure reproductive success. Stacks are composed of small, newly metamorphosed males on top and successively larger, older animals on the bottom. C. fornicata is a protandrous hermaphrodite; the lowest member of a stack is always female with transitional individuals and smaller males higher in the stack (Coe 1936) . Top members of each stack were removed so that only the bottom-most member of the stack remained attached to the substrate (empty C. fornicata shell or rock); thus all adults collected were female (size range of 20. to 41.4 mm, longest shell dimension). Adults were transferred to the laboratory and all thermal stress experiments were performed within 48 h of collection, to avoid letting the animals acclimate to laboratory conditions (e.g. Widdows & Bayne 1971 , Mcmahon & Payne 1980 . Animals were measured and separated into size classes, then distributed into treatments prior to thermal stress to ensure homogeneity of size among replicates and treatments. Seawater was filtered to 1 µm and heated to the desired temperature (measured with Control Company Traceable ® waterproof digital thermometers) in 5 l plastic aquaria, and placed in incubators (Percival, Model #I-30BL) to maintain constant temperature throughout the experiments. After seawater in the incubators remained at the desired temperatures for ~1 h, animals were placed into the heated seawater where they remained for 3 h (5 replicates of at least 8 animals for each treatment). A temperature of 23°C was chosen for the control stress (and recovery) temperature because that was the typical subtidal temperature recorded in the field during the time of the experiments, while stress temperatures of 32 to 37°C were chosen because pilot experiments revealed these temperatures (for a 3 h duration) to be realistic on a particularly hot summer day.
Animals were thermally stressed in water, not air, to ensure that their tissues reached the desired temperature and to avoid the additional stress of desiccation. Water temperatures were monitored throughout the experiments and they did not fluctuate more than 0.4°C. At the conclusion of the 3 h thermal stress period, animals were transferred to individual glass dishes with ~75 ml phytoplankton suspension per dish (equal parts Isochrysis galbana clone T-ISO and Dunaliella tertiolecta clone DUN) at 23°C. Phytoplankton suspensions were changed once after 24 h. Mortality was determined 24 and 48 h after the end of the thermal stress by touching a probe to the head of the animal and monitoring muscular response. At 24 h after the thermal stress, animals that could not easily be pried from the substrate were scored as alive. At 48 h after the thermal stress all animals were pried off their substrate and prodded for muscular response.
Collecting and maintaining animals and thermal stress in juveniles
In order to obtain juveniles for studies of variability in thermal tolerance, adult Crepidula fornicata were collected from Bissel Cove, Rhode Island (see above) in June, July and August 2010 and 2011. Animals were maintained at 23°C in glass aquaria of aerated seawater (30 psu). Adults were fed phytoplankton suspensions composed of a mixture of T-ISO and DUN once or twice daily and water was changed every other day. Larvae released by adults were collected on 120 µm mesh filters, rinsed with seawater, and transferred to glass aquaria in 0.45 µm-filtered seawater. Larvae were fed T-ISO at ~18 × 10 4 cells ml −1 (Pechenik & Lima 1984 , Pechenik et al. 2002 ) with water changed every other day. When larvae reached ~900 µm they were exposed to 20 mM excess KCl in seawater for 6 h to induce metamorphosis (Pechenik & Heyman 1987 , Pechenik & Gee 1993 , which does not affect juvenile growth or survival (Eyster & Pechenik 1988) .
Juveniles were then maintained in glass aquaria of aerated seawater (changed daily), and fed T-ISO suspensions twice daily until their shell lengths (longest dimension) reached an average size of ~2.5 mm (reared for ~10 d after metamorphosis). Thus, juveniles from both intertidal and subtidal mothers spent at least 3 wk exposed to identical laboratory conditions before experimentation and were presumed to be fully acclimated to laboratory conditions by then (Bayne 1976 , Newell & Kofoed 1977 . Thermal tolerance experiments were then performed identical to adults (see above), except that juveniles were placed in 6-well plastic tissue culture plates (1 juvenile per well), and the plates were submerged in the temperature-controlled seawater for the duration of the experiment. After the end of the thermal stress, juveniles were removed from the incubators and the water in each well was replaced with 23°C water containing T-ISO. Phytoplankton suspensions were replaced once after 24 h. Mortality was determined at 24 and 48 h after thermal stress by observing pedal and head movement, monitoring contraction into the shell when stimulated with a stream of water, and observing heart beat (visible through the shell at this stage of development).
Thermal stress in embryos
To determine the effect of environment and life history stage on thermal tolerance, experiments were performed on embryos collected from intertidal and subtidal Crepidula fornicata adults from Bissel Cove, Rhode Island. Adults were gently pried from their substrate and egg masses were carefully removed. The color of the egg mass is a good indicator of the stage of development of the embryos contained within; only dark-grey, late-stage egg masses that had been exposed to the typical environmental conditions for an extended period of time (weeks; Conklin 1897) were used for these experiments. To confirm that all embryos were at the same stage of development before experimentation, egg masses were dissected in the laboratory and only late-stage, shelled veliger larvae of approximately 300 µm (longest shell length) were used. Since embryos that are prematurely removed from the protective care of their mothers die soon after removal (Conklin 1897, C. M. Diederich pers. obs.), they were subsequently placed in vials containing 0.22 µm filtered seawater with 50 mg l −1 streptomycin sulfate and 40 mg l −1 penicillin G (Henry et al. 2006 ). This anti biotictreated seawater allows for survival to maturity and was used for all experiments containing embryos. Thermal tolerance experiments were performed on all embryos within 24 h of collection to avoid laboratory acclimation. Prior to thermal stress, egg masses were sliced open and embryos were emptied into a small glass dish. They were mixed thoroughly and randomly portioned into replicates (25−30 embryos per replicate, 5 replicates per treatment). Embryos were pipetted into small glass dishes containing water at the desired temperatures and maintained at that temperature for 3 h. At the end of the thermal stress, embryos were removed from the heated water and transferred to water at 23°C. Water was changed after 24 h. Mortality was monitored by observing swimming and muscle movement at 24 and 48 h after the end of the stress.
Data analysis
Densities of Crepidula fornicata at different tidal heights were compared using an ANOVA with a Bonferroni multiple comparisons test to determine specific differences among snail densities at each tidal height.
In order to meet the assumptions of the statistical tests, all percent survival data were arcsine transformed before specific comparisons were made (GraphPad Prism Software v. 4.03). In previous studies, the amount of time between the end of the stress and the measurement of mortality is highly variable (e.g. Sanders et al. 1991 , Tomanek & Somero 1999 , Hammond & Hofmann 2010 , Sorte et al. 2010 , Zippay & Hofmann 2010 . Furthermore, in our pilot studies many animals that survived the first 24 h after the stress ended died in the following 24 h. Therefore, we checked mortality of all individuals at both 24 and 48 h after the end of the thermal stress. For each thermal tolerance experiment, differences in mortality between 24 and 48 h after the end of the thermal stress were compared using paired t-tests matched for each replicate. In animals that were kept in the laboratory for longer than 48 h, no additional mortality was observed.
To determine if embryos were more susceptible than adults to death from thermal stress, comparisons were made between the survival of these 2 life history stages using 2-way ANOVAs with temperature and life-history stage as independent variables. Comparisons were only made between embryos and adults collected during the same time of year (to control for seasonal effects on thermal tolerance) and that originated from the same tidal height (to control for the effect that environment may have on thermal tolerance). Experiments performed on intertidal individuals in August 2010 and August 2011 and subtidal individuals in August 2010 fit the requirements of this statistical test.
To determine the effect of tidal height on thermal tolerance, comparisons were made between the survival of individuals using 2-way ANOVAs with temperature and tidal height as independent variables. Comparisons were only made between animals at a particular life-history stage (embryo or adult; to control for potential effects of life history stage on thermal tolerance) collected during the same time of year (to control for seasonal effects on thermal tolerance). Individual thermal tolerance comparisons between intertidal and subtidal animals at a single temperature and recovery time were determined after ANOVA using Bonferroni multiple comparisons tests (α < 0.05). Experiments performed on adults in June and August 2010 and embryos in August 2010 and June 2011 fit the requirements of this statistical test.
For thermal tolerance experiments with laboratoryacclimated juveniles, all larvae and juveniles were treated identically before and after thermal stress (see above). This allowed us to pool the results from the 3 experiments in which juveniles came from intertidal mothers, and pool the results of the 3 experiments in which juveniles came from subtidal mothers, to determine if there were differences in thermal tolerance between intertidal and subtidal organisms. Comparisons were made between inter-tidal and subtidal juveniles using a 2-way ANOVA with temperature and mother's habitat (i.e. intertidal or subtidal population) as independent variables.
RESULTS
Population characteristics
Individuals of Crepidula fornicata were abundant both intertidally and subtidally in Bissel Cove, Rhode Island (Fig. 1) . Densities (snails m −2 ) varied significantly along the vertical gradient (1-way ANOVA, F = 11.55, p = 0.0003), but densities in the low intertidal (+ 0.2 m) and subtidal (−1.0 m) were not significantly different (Bonferroni multiple comparison test, p > 0.05). At this location, the average high tidal mark in the summers of 2010 and 2011 was +1.38 m. Thus, since C. fornicata populations become less dense at approximately + 0.4 m and are absent above + 0.6 m, they occupy the mid and low intertidal zone and can be found continuously into the subtidal zone (Fig. 1) .
Crepidula fornicata occupying the intertidal zone experienced different degrees of aerial exposure depending on their location within the intertidal zone (Fig. 1) . Though on average animals at + 0.4 m spent 3 h 39 min per tidal cycle (single low tide) exposed to air (Fig. 1) , they were exposed for as long as 5 h 41 min during spring tides, but were often not exposed to air during neap tides. Similarly, the range of exposure time for animals at + 0.2 m was 0 to 4 h 27 min per tidal cycle in the summer months of 2010 and 2011. Since tides are semidiurnal at this location, intertidal C. fornicata at the higher end of their vertical range (+ 0.4 m) spent on average 30.4% of the time exposed to the air during the summers of 2010 and 2011, while subtidal animals (−1.0 m) were never exposed to air (Fig. 1) .
Thermal environment
Intertidal and subtidal animals experienced drastically different thermal environments in the summer months of 2011 (Figs. 2 & 3) . The highest temperature that subtidal animals experienced was 26.5°C, while intertidal animals experienced temperatures more than 15°C warmer, reaching a maximum of 42°C in July 2011 (Fig. 3) . Intertidal animals did spend most of the time within the range of temperatures experienced by subtidal conspecifics (81.3%), but when they experienced temperatures outside of this range they tended to be warmer (12.0%) rather than cooler (6.7%) (Fig. 3) . The temperature changes that intertidal Crepidula fornicata experienced were also often very rapid (Fig. 2) , with tissues warming as quickly as 0.4°C min −1 and cooling as quickly as 0.5°C min When intertidal Crepidula fornicata experienced high temperatures in the field, they often did so for extended periods of time (Fig. 4) . On clear days when low tides occurred during the early afternoon, C. fornicata experienced temperatures above 30°C for as long as 5 h 15 min. On one occasion the intertidal robosnail recorded temperatures at or above 37°C for 3 continuous hours (Fig. 4) (temperatures above 30°C for 3 straight hours occurred 22 times), which is the amount of time we chose to thermally stress animals in the laboratory (Figs. 5−7) .
Thermal tolerance
When thermally stressed in the laboratory, intertidal and subtidal embryos did not differ in upper thermal tolerance (Fig. 5, Table 1 ). Some embryos died after being stressed for 3 h at temperatures as low as 33°C in June 2011 (Fig. 5b) , and nearly all (Fig. 5a) or all (Fig. 5c ) embryos died following a single 3 h exposure to 37°C. Adults collected intertidally and subtidally also did not differ in thermal tolerance in June 2010 (Fig. 6a, Table 1 ), but intertidal adults were significantly more tolerant of high thermal stress in August 2010 (Fig. 6b, Table 1 ).
Life history stage had a significant effect on thermal tolerance, as embryos were more tolerant of the thermal stress than adults were (Figs. 5 & 6, Table 2 ). In August 2010 all embryos collected from intertidal and subtidal adults survived a 35°C stress (3 h) (Fig 5a) while some adults died following thermal stresses of 34 or 35°C (Fig 5b) . Similarly, in August 2011 nearly all embryos from intertidal adults survived a thermal stress of 35°C (Fig 5c) while nearly all intertidal adults died after experiencing the same stress (Fig. 6c) . However, though thermal tolerances were significantly different between life history stages (Table 2) , absolute tolerances differed only slightly, as nearly all embryos died after being We could detect no differences in traits responsible for upper thermal tolerance between intertidal and subtidal animals: laboratory-reared, fully-acclimated (23°C) juveniles originating from intertidal and subtidal mothers had nearly identical upper thermal limits (Fig. 7, Table 3 ). Variation in upper thermal limits did exist among individuals, but only over a small range of temperatures: in our study every juvenile survived a 3 h stress at 32°C, but nearly all died following a 3 h stress at 35°C (Fig. 7) . 
DISCUSSION
In Narragansett Bay, Rhode Island, Crepidula fornicata is common both intertidally and subtidally (Fig. 1) . This is not surprising, as they have long been collected from both habitats in both their native range (e.g. Diederich et al. 2011 , Hoch & Cahill 2012 and their invasive range (Thieltges et al. 2003 , Viard et al. 2006 . However, though their distribution has been anecdotally described by some (e.g. Collin 2001) , this is the first time that the distribution of a single population of C. fornicata has been formally recorded in both the intertidal and subtidal zones. Although C. fornicata is not alone in straddling the low tide mark (e.g. Dame 1972 , Palmer 1980 , Fletcher 1984 , Jensen & Armstrong 1991 , Bingham et al. 1997 , Saier 2002 , Altieri 2006 , Schaffmeister et al. 2006 , their considerable abundance in both zones is surprising: unlike many intertidal species that are overwhelmed by subtidal predators or subtidal competitors (Stephenson & Stephenson 1949 , Paine 1974 , Perez et al. 2009 ), populations of C. fornicata do very well subtidally, directly adjacent to thriving populations living in the physically harsh intertidal zone.
Among the challenges associated with living in the intertidal zone (e.g. exposure to periodic desiccation, salinity stress, and starvation), thermal stress can be particularly harsh, as temperature changes upon emersion can be both large and extremely rapid (e.g. Helmuth & Hofmann 2001 , Wethey 2002 , Lima & Wethey 2009 , Szathmary et al. 2009 ). Similarly, our biomimetic robosnails recorded considerable temperature increases in the intertidal zone upon emer- Table 3) sion, with temperatures reaching 15.5°C higher than those of subtidal robosnails in the summer of 2011 (Figs. 2 & 3) and increasing as rapidly as 6°C in 15 min (Fig. 2) . In addition to experiencing rapid temperature changes, C. fornicata robosnails also remained at high temperatures for many hours at a time (Fig. 4) . For example, robosnails reached 35°C (8.5°C higher than subtidal animals ever reached) 19 different times in 3 months during our study, and they remained at or above that temperature for up to 4 h at a time (Fig. 4) . These temperature recordings highlight one of the major difficulties in living intertidally: most organisms that normally live subtidally and experience only a relatively small range of temperatures that change very slowly (seasonally) may not be able to cope with the large temperature changes that occur so quickly in the intertidal zone. Individuals of Crepidula fornicata, like many intertidal organisms, are sessile as adults (Conklin 1898) and cannot rely on behavioral adaptations (e.g. movement subtidally or into shaded, damp crevices) to reduce high thermal stress during low tide. Thus, these organisms must rely entirely on high physiological tolerance to high temperatures in order to occupy the intertidal zone. In some species, intertidal organisms may have higher thermal tolerance limits than subtidal organisms due to environmentally induced plasticity (e.g. via the heat-shock response, Feder & Hofmann 1999) upon experiencing high temperatures in the field. Indeed, tolerances to environmental stressors across the intertidal-subtidal boundary have been shown to be inducible in other organisms including mussels (Altieri 2006) , and the upper thermal limits of many organisms are effected by prior acclimation temperatures (e.g. Cuculescu et al. 1998 , Beitinger & Bennett 2000 , Stillman & Somero 2000 . Additionally, selective post-settlement mortality of individuals with low thermal tolerance in the intertidal zone can result in phenotypic differences among subpopulations, even when those subpopulations are extensively mixed. Schmidt & Rand (1999) for example, have shown that barnacles occupying different microhabitats in the intertidal zone undergo post-settlement mortality that favors different genotypes in different microhabitats. Though newly-settled barnacles are genetically homogeneous across microhabitats, this differential mortality would be expected to yield adult subpopulations with different tolerances to intertidal stressors (e.g. temperature and desiccation) (Schmidt & Rand 2001) . Finally, local adaptation, even among species with long-lived larvae, is surprisingly prevalent in marine invertebrates (reviewed by Sanford & Kelly 2011) . Fine-scale population structure has since been found in species with long-lived larvae (Hoffman et al. 2012) and even between intertidal and subtidal conspecifics with differing stress responses (Weihe & Abele 2008 , de Aranzamendi et al. 2008 , but see Hoffman et al. 2010) . In these cases, intertidal organisms would be expected to have higher average thermal tolerance limits when compared with subtidal conspecifics that do not experience such high temperatures; but that is not what we found for this population of C. fornicata.
In our experiments, the upper thermal tolerance limits of intertidal and subtidal Crepidula fornicata were nearly identical (Figs. 5 & 6) . On only one occasion in our study were intertidal individuals more thermally tolerant than subtidal individuals, and that was only by about 1°C (Fig. 6b) . However, even in that experiment, subtidal animals had remarkably high thermal tolerances considering the relatively low temperatures that they consistently experience in the field. Furthermore, the upper thermal tolerance limits of juvenile C. fornicata reared entirely in the laboratory from larvae obtained from intertidal and subtidal parents had identical thermal tolerance limits (Fig. 7) , indicating that there are no phenotypic differences in thermal tolerance between individuals in these 2 subpopulations.
Though many species' upper thermal tolerance limits have been shown to be positively correlated with the temperatures that they experience, on both local and more broad geographic scales (e.g. Sharp et al. 1994 , Bingham et al. 1997 , Kuo & Sanford 2009 ), this is not always the case. For example, though Kuo & Sanford (2009) found differences in thermal tolerance among Nucella canaliculata from different populations over a broad geographic range (100s of km), many populations within their study had nearly identical upper thermal limits, despite differences in midday exposure time (and presumably temperature 'seeding' (i.e. genetic mixing) from warm-adapted intertidal populations (Somero 2010) . C. fornicata have long-lived, highly dispersive larvae which may allow for extensive genetic mixing of intertidal and subtidal subpopulations. If there are no costs to maintaining this high thermal tolerance in the subtidal zone, extensive mixing could yield similar physiological tolerances among these subpopulations. In addition, warm-adapted subtidal Crepidula fornicata may be the source from which intertidal populations arise. This species has lived for millions of years in southern climates (Hoagland 1977) and living intertidally is apparently derived within the genus (Hoagland 1977) . Collin (2001) has shown that clades of C. fornicata in the western Atlantic (sampled from New Brunswick to Florida) were not based on geography (little population structure exists). She also noted that C. fornicata does not form intertidal populations in southern habitats (Collin 2001) . Thus, subtidal C. fornicata may have obtained their relatively high thermal tolerance limits from warmadapted ancestors or southern populations, and intertidal organisms may be part of a sink population that are living under suboptimal conditions. Indeed, in our study, individuals of C. fornicata from intertidal populations died following thermal stresses that they occasionally experience in the field, and so they may not be optimally adapted to intertidal conditions. However, we cannot rule out the possibility that there may still be slight differences in thermal tolerance among members of intertidal and subtidal subpopulations. When stressing the animals in our experiments, we chose controlled and relevant stress temperatures and durations, but did not mimic intertidal conditions completely. Further investigation including, for example, twice daily exposures to high temperature for several days, might produce slight differences in stress tolerance between animals of the 2 subpopulations.
Most previous studies on thermal tolerance of marine organisms have been conducted with a single life-history stage. However, since adults of Crepidula fornicata brood embryos for several weeks (Conklin 1897) (exposing embryos to about the same environmental conditions experienced by adults), the ability of this species to live intertidally is also contingent upon high thermal tolerance limits for all of its life history stages. Indeed, we found that both intertidal and subtidal C. fornicata embryos were at least as tolerant of thermal stress as were adults (Fig. 5) . This is not the case for many species, as early life history stages are often less tolerant of many environmental stressors than later stages of development (Crisp & Ritz 1967 , Kinne 1970 , Gosselin & Chia 1995 , Freitas et al. 2010 , but see Miller et al. 2013 . For example, Gosselin & Chia (1995) found that nearly all new hatchlings -but no adults -of Nucella emarginata died from an aerial thermal stress of 30°C for 8 h. Thus, species distributions may in some cases be determined (and limited) by the sensitivity of early life history stages, or gametes, to environmental stressors that adults can tolerate (Andronikov 1975) . In the future, multiple life-history stages should be assessed when determining the tolerance of a species to physiological stressors in order to develop a more complete picture of the overall capacity of a species to withstand such stressors. The remarkable ability of C. fornicata embryos to withstand temperatures as high as adults can tolerate has apparently allowed these organisms to occupy a substantial portion of the intertidal zone, and to take advantage of a habitat that is too harsh for most other marine species to occupy.
Though members of Crepidula fornicata now successfully occupy the intertidal zone in New England, our data suggest that these intertidal populations may be vulnerable to climate change in the coming years. Somero (2010) suggests that though many intertidal organisms have higher thermal tolerances than subtidal organisms have, they are also living close to their upper thermal limits and are thus likely to be the 'losers' as climates warm. For example, Tomanek & Somero (1999) found that although snails of the genus Tegula (now Chlorostoma) living in the intertidal zone were able to survive much higher temperatures (37°C for 2.5 h) than their subtidal congeners (30°C for 2.5 h), the intertidal individuals experienced field temperatures closer to their thermal maximum (max. temp of 33°C intertidally as opposed to 24°C subtidally). In our experiments, some adult C. fornicata died after a single 3 h thermal stress at 34°C in the laboratory, a stress level that intertidal robosnails recorded many times in our study. It is possible that robosnail recordings could slightly overestimate tissue temperatures of animals in the field, because C. fornicata may lift up from their substrate and evaporatively cool their tissues. However, this behavior has been shown to cool tissues by only 2°C in limpets (Cellana grata) and it was effective for less than 2 h (Williams et al. 2005) . Thus, the temperatures that killed intertidal C. fornicata in the laboratory were very close to temperatures that they experience in the field; subtidal animals, on the other hand, did not experience temperatures within 7°C of temperatures that kill them. Furthermore, the one occasion on which intertidal organisms had a slightly higher thermal tolerance than subtidal organisms in our study (Fig. 6b) may have been the result of high mortality of less-tolerant intertidal organisms in the months preceding the study (though differential acclimatization is also possible). These data indicate that intertidal -but not subtidal -C. fornicata in our study area are living close to their upper thermal limit. As the anticipated climate change further warms coastal habitats, C. fornicata will likely be relegated to the subtidal, where, unlike intertidal specialists, they are not outcompeted or heavily preyed upon. Their disappearance from the intertidal could have interesting community-wide effects, as they presently compete with other intertidal suspension feeders for food (e.g. mussels and oysters, Lesser et al. 1992 , Decottignies et al. 2007 ; are eaten by many other animals including the predatory gastropod Urosalpinx cinerea, a number of crab species (Dyspanopeus sayi, Cancer borealis, Pagurus longicarpus, and Hemigrapsus sanguineus), and the sea star Asterias forbesi (Hoagland 1974 , Pratt 1974 , Lindsey et al. 2006 , Pechenik et al. 2010 ; and are a host for the ectoparasitic gastropod Boonea seminuda (Boss & Merrill 1965 , C. M. Diederich pers. obs.) and the boring sponge Cliona celata (Hoagland 1974 , LeCam & Viard 2011 . In addition, their shells provide homes for numerous polychaetes and other invertebrates such as juveniles of the invasive crab, Hemigrapsus sanguineus (C. M. Diederich pers. obs.) and hermit crabs (Williams & McDermott 2004) while creating biogenic structures for organisms such as xanthid crabs (Lindsey et al. 2006 ).
Though we now know that individuals of Crepidula fornicata may be killed by summer temperatures presently characterizing the intertidal zone in New England, the specific cause of thermal death in this species is not clear. Somero (2002) reviews many possible 'weak links' in physiological systems that cause thermal death, including failure of organ systems (especially the heart), action potential generation, mitochondrial respiration, membrane integrity, the heat shock response, and physical stability of enzymes. No doubt the failures of these systems act on different time scales. The fact that in all but one of our experiments (Fig. 5c ) most animals survived for at least 24 h after the thermal stress ended indicates that some of the faster acting mechanisms for death (e.g. heart failure, nervous system failure) are probably not the cause of death for C. fornicata. It would be interesting to learn the specific cause(s) of death in this and other intertidal species, as the cause of death from high temperatures would be the most likely target of selection for animals living close to their upper thermal limits; the ability of these physiological systems to change will be important in determining the fate of these species in the face of global climate change (Somero 2010) .
In our experiments, the fact that few individuals died within the first 24 h after the thermal stress was applied underscores the importance of monitoring organisms for an extended period of time in experiments assessing tolerance to environmental stressors. Though stressors may be applied to organisms in the laboratory depending on specific ecological conditions that those organisms are likely to encounter, the time selected to observe organisms for mortality after the stress ends varies widely (e.g. immediately; Zippay & Hofmann 2010, after 6 h recovery; Kenny 1969 , after 12 h recovery; Singletary 1971 , after 24 h recovery; Sanders et al. 1991 , after 48 h recovery; Sorte et al. 2010 , after 30 d recovery; Coles & Jokiel 1978) . Our data suggest that monitoring organisms for less than 24 h may produce misleading results.
In summary, Crepidula fornicata can be found in considerable numbers both intertidally and subtidally in New England; these populations experience drastically different thermal environments. However, the temperature differences that they face are not reflected in their physiological tolerance to thermal stress, as both embryos and adults sampled from intertidal and subtidal subpopulations had nearly identical thermal tolerances, as did juveniles reared in the laboratory from intertidal and subtidal mothers. Though they are a major member of both the intertidal and subtidal zones in the temperate Atlantic, intertidal C. fornicata are now living very close to their thermal maximum and will likely be lost from the intertidal zone in the coming years as summer maximum air temperatures increase. However, compared with most marine species, C. fornicata is relatively eurythermal, a factor that could have contributed to their substantial success as an invader in Europe and elsewhere (Blanchard 1997) and that should allow them to persist subtidally in the face of global climate change. 
